Members of the arenavirus family, famous for their hemorrhagic syndromes, cause distinct neurological disorders; however, cellular and molecular targets as well as pathogenesis of peripheral nervous system disorders associated with these viruses are unknown. Using noncytolytic lymphocytic choriomeningitis virus, the prototype arenavirus, and pseudotyped Lassa fever virus, we showed that the Schwann cells, but not the neurons, were preferentially targeted and harbored the virus. This permissiveness was caused by the viral glycoprotein usage of its receptor ␣-dystroglycan, which was highly abundant on Schwann cell membranes. Persistent lymphocytic choriomeningitis virus infection rendered immature Schwann cells defective or incapable of forming compact myelin sheathes when they differentiated to myelinating phenotype in an in vitro differentiation model of Schwann cells. Persistent infection did not cause Schwann cell apoptosis or cytopathic effect. Defects in myelination coincided with the down-regulation of dystroglycan expression and disruption of the laminin-2 organization and basal lamina assembly on Schwann cell-axon units. The data provide evidence for a selective perturbation of laminin-2-laminin-2 receptor communication pathway in the peripheral nervous system by a nonlytic virus and the resulting myelin defects, which may partly contribute to neurological abnormalities associated with arenaviral infection.
T
he members of the arenavirus family, famous for their hemorrhagic syndromes in humans (1) , are also linked to distinct neurological disorders of both central and peripheral nervous systems (2) (3) (4) (5) (6) (7) (8) (9) . Among the arenaviruses, Lassa fever virus (LFV) and lymphocytic choriomeningitis virus (LCMV) have been shown to cause neurological abnormalities (2) (3) (4) (5) (6) (7) (8) (9) . However, neurological damage and neuropathogenesis caused by arenaviral infections are largely unknown, because most of the studies have focused on the deadly hemorrhagic syndromes, which have contributed to high mortality rate (10, 11) . In the case of the peripheral nervous system (PNS), no experimental data are available to evaluate the involvement of the PNS and associated neuropathogenesis in LFV or LCMV infections. Thus, nothing is known about the cellular and molecular targets of arenaviruses in the PNS. Moreover, recent studies have underscored the need for further research in congenital infection with LCMV in human, because LCMV is considered as underdiagnosed fetal teratogen (9) . Importantly, congenital LCMV infection may also affect the developing nervous system in human fetus, which could lead to lasting neurophysiologic abnormalities in infants and children (9) .
Despite the severity of infection, arenaviruses actually cause very little damage to the infected tissues. At any rate of infection, cells exhibit little virus-induced cytopathy (10) (11) (12) (13) . Thus, a candidate mechanism for arenavirus-induced disease is through functional effects of the viruses that are not associated with overt evidence of cellular damage. Indeed, it has been shown that persistent infection with LCMV interferes with differentiated functions of the host cells without incurring structural injury (12, 13) . For this reason, noncytolytic viruses such as LCMV may serve as an excellent model for studying how they interfere with specific nerve cell functions. Among the arenaviruses, the best studied is the LCMV whose genome consists of two segments of single-stranded RNA, each coding for two genes by using an ambisense strategy of replication (reviewed in ref. 14) . The larger segment encodes the virus polymerase and a small zinc finger motif protein, and the smaller segment encodes the virus nuclear protein (NP) and glycoprotein (GP) precursor, which is posttranslationally cleaved into GP1 and GP2. GP-1 anchors LCMV and LFV to host cell surface through a recently identified viral receptor, ␣-dystroglycan (15) (16) (17) (18) .
Dystroglycan, a major laminin receptor originally identified in muscles complex with dystrophin, is encoded by a single gene and cleaved into two proteins, ␣-and ␤-dystroglycan by posttranslational processing (19) . ␣-Dystroglycan is also identified as a major laminin-2 and agrin receptor in Schwann cells of the PNS (20) . Dynamic interactions of dystroglycan with the components of the extracellular matrix (ECM), particularly laminins, are integral to tissue morphogenesis. This was illustrated by the recent findings that genetic or functional ablation of dystroglycan and other laminin receptors disrupt the process of laminin assembly and alter laminin expression on the cell surface (21, 22) . Similarly, dystroglycan appears to play a critical role in the assembly of laminin-2-rich basal lamina on Schwann cell-axon units and in maintaining the architecture of sodium-ion channels, and thus proper nerve conduction (20, 23, 24) . In the PNS, Schwann cells are responsible for the secretion of matrix components and assemble them into an organized basal lamina around Schwann cell-axon units (25) (26) (27) . Several lines of evidence implicate the role of laminin-2, a heterotrimer consisting of ␣2, ␤1, and ␥1 chain subunits, and the major ECM molecule of the Schwann cell basal lamina, in myelination (27) (28) (29) (30) . These findings together with high-affinity binding of ␣-dystroglycan to laminin-2 (31) suggest the potential role of Schwann cell dystroglycan in laminin-2-mediated biological effects in the PNS. In the present study, we provided evidence that LCMV, by specifically targeting ␣-dystroglycan on Schwann cells, interfered with the laminin-dystroglycan communication system in the PNS and perturbed the myelination process.
Experimental Procedures
Virus Strains, Virus Purification, and Virus Quantification. LCMV strains.
LCMV Armstrong ARM53b and LCMV cl13 are viruses whose origin, structure, and function have been reported (16, 32, 33) . Seed stocks of all viruses were prepared by growth in BHK-21 cells, and viral titers were determined as described (32, 33) . LFV was inactivated and obtained from the Centers for Disease Control and Prevention (Atlanta) by using 5 ϫ 10 6 rad ␥-irradiation. Generation of GFP-LFV-PS. Moloney murine leukemia virus (MLV) virions containing LFVGP at their surface (LFV-PS) were generated by using the strategy reported by Soneoka et al. (34) and are described in Supporting Text, which is published as supporting information on the PNAS web site.
Primary Cultures of the PNS. Preparation of dorsal root ganglia (DRG), primary rat Schwann cell and DRG neuron cultures, myelinating Schwann cell-neuron cocultures, and primary human Schwann cells was done according to established protocols (35) (36) (37) (38) and as described in Supporting Text. Viral Infection of Primary PNS Cultures. Embryonic DRG explant cultures were infected with LCMV cl-13 at a multiplicity of infection (moi) of 3 and maintained in C media for 3 days before the addition of ascorbic acid to promote basal lamina assembly and myelination. In parallel, control cultures were maintained under similar conditions, but without virus. Cultures were processed at different time intervals (up to 21 days) for immunofluorescence, immunoblotting, and electron microscopy as described (37, 39) . These cultures were also processed for BrdUrd uptake with a BrdUrd assay kit and a terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling assay kit (Roche Molecular Biochemicals) (37) Assays for Virus Binding to Schwann Cell Dystroglycans. Virus overlay protein binding assay (VOPBA) using purified LCMV and LFV was performed as described (15) (16) (17) and as described in Supporting Text.
Inhibition of Virus Binding to ␣-Dystroglycan by Laminin-2. Blocking of virus binding by laminin-2͞␣2 laminins (merosin) in VOPBA was carried out as described (17) . ELISA was used to measure laminin-2 competition for the binding of LCMV to ␣-dystroglycan. Both inhibition assays are described in Supporting Text.
Results

Schwann Cell Serves as the Preferential PNS Target for LCMV and LFV.
To determine the cellular and molecular target of the PNS for LCMV and LFV, we used different ex vivo-type primary nerve tissue culture models in which each component of the PNS was studied individually or in combination for their susceptibility. They consisted of both human and rat primary culture systems: (i) human Schwann cells isolated and purified from one human donor, (ii) purified rat primary Schwann cells, (iii) DRG neurons, (iv) myelinating DRG explant cultures consisting of Schwann cells, neurons, and fibroblasts, and (v) purified Schwann cell-neuron cocultures with myelinating and nonmyelinating axons. Infection of LCMV clone-13 (cl-13) with the above-mentioned primary rat peripheral nerve cultures indicated that LCMV avidly infected only the Schwann cells. This finding was confirmed by the LCMV infection of highly purified (100%) primary rat Schwann cells in a dosedependent manner ( Fig. 1 A-C) . In infected Schwann cells, LCMV NP antigens could easily be detected in fixed cells and whole-cell lysates by using specific mAb 1-1-3 to LCMV-NP ( Fig. 1 A and B) . One moi of LCMV [1.5 ϫ 10 4 plaque-forming units (pfu) per well] resulted in Ͼ90% Schwann cell infectivity ( Fig. 1 A-D) . Also, Schwann cells provide a suitable target for LCMV replication, as viral titers as high as Ͼ1 ϫ 10 6 pfu͞ml could be detected 9-10 days after infection (Fig. 1E Left) . Identical results were obtained from LCMV infection of human Schwann cells ( Fig. 1E Right and data not shown). Despite replication, LCMV did not cause any morphological alteration or cytopathic effect to rat or human Schwann cells. Double immunolabeling of mixed nerve cultures with Schwann cell-specific antibodies to S-100 or p75 (low-affinity nerve growth factor receptor) and mAb 1-1-3 (15) further revealed preferential LCMV infection in Schwann cells ( Fig. 1H and data not shown). In contrast, purified DRG neurons were not infected by LCMV (Fig. 1 F and G) .
We next cocultured purified DRG neurons with purified rat Schwann cells and allowed them to ensheath and myelinate for 3-4 weeks. These cocultures contain both myelinated and nonmyelinated Schwann cell phenotypes in the form of Schwann cell-axon units as in in vivo (39) . LCMV infection could be detected in both myelinated and nonmyelinated Schwann cells with no phenotypic preference, but not in the enclosed axons ( Fig. 1 G and H) . Because LCMV replicates nonlytically and efficiently within rat and human Schwann cells, Schwann cells possess crucial host factors necessary for viral replication and thus serve as reservoirs for LCMV in the PNS.
To determine whether these findings hold true for LFV infection, we used highly purified human Schwann cells at early passages (passage 3) in primary cultures (Fig. 1J) . Because initial LFV interaction with host cell is mediated by the LFV surface GP (15, 18) , we generated MLV containing GFP transgene pseudotyped with LFV-GP for infection of human Schwann cells. Because of its infectious nature and high mortality rates, the use of infectious LFV is restricted. The use of LFV-GP pseudotyped virus (LFV-PS) partly solved the problem, enabling analysis of cell binding and entry of LFV to target cells. At a LFV-PS concentration of 1 moi, 31.5% (Ϯ4.1 SD) of human Schwann cells were found infected with LFV-PS as determined by GFP-positive cells (Fig. 1 I-K) . The negative control, the GFP-MLV virions that lack LFV-GP construct, showed no GFP-positive cells (data not shown), indicating that human Schwann cell infection is mediated by LFV-GP. Infectivity of LFV-PS in primary human Schwann cells suggest that Schwann cells are the likely PNS target in natural LFV infection in human.
Schwann Cell Entry of LCMV and LFV Is Mediated by ␣-Dystroglycan.
To determine the viral receptor on Schwann cells, we used VOPBA (15, 17) with membrane fractions of primary rat and human Schwann cells and human peripheral nerves. Both LCMV cl-13 and LFV strongly bound to a single protein band with broad migration pattern at a molecular mass of Ϸ120 kDa. This protein was migrated in a similar molecular size as purified ␣-dystroglycan ( Fig.  2 A and B) , a previously identified cell receptor for LCMV and LFV (15) . Purified soluble ␣-dystroglycan (Fig. 2G ) dramatically inhibited LCMV infection of primary rat Schwann cells in a dosedependent manner (Fig. 2 C-F) , suggesting that ␣-dystroglycan is responsible for LCMV infection of Schwann cells. High infectivity of LCMV is probably caused by the presence of ␣-dystroglycan in high density on the peripheral membrane of primary Schwann cells (Fig. 2E) (36) . We could not detect ␣-dystroglycan on purified DRG neurons in primary cultures (data not shown). This finding parallels the resistance of DRG neurons to LCMV and LFV infections. Similarly, strong binding of LFV to ␣-dystroglycan from human peripheral nerves and human Schwann cells (Fig. 2B) suggests that human PNS infection by LFV is mediated by Schwann cell ␣-dystroglycan.
LCMV Infection Down-Regulates ␣-Dystroglycan Expression in an in
Vitro Model of Schwann Cell Differentiation. To delineate the functional effects of LCMV infection of Schwann cells, we infected immature Schwann cells in DRG explant cultures from embryonic day 16 rat embryos. LCMV infection (moi 3) of 5-day-old DRG explant cultures (Fig. 3A) produced 100% infection exclusively in Schwann cells as LCMV-NP antigen was detected in all S-100-positive Schwann cells (Fig. 3 B and C) . We then allowed Schwann cells to differentiate fully and studied the effects of LCMV infection in major Schwann cell functions, ECM production, basal lamina assembly, and myelination.
Analyzing LCMV-infected cultures after induction of myelination at different time intervals reveals that viral infection dramatically down-regulated the expression of ␣-dystroglycan on Schwann cells (Fig. 3 H and I) at day 10 postinfection. Strikingly, the down-regulation of ␣-dystroglycan was confined mainly to Schwann cells that are ensheathing axons or Schwann cell-axon units, but not to the ganglion areas (Fig. 3 H and G) . In control cultures, the expression of ␣-dystroglycan on myelinated fibers could be seen as discrete tubular appearance (Fig. 3 E and F) , whereas in infected cultures labeling was detected only in a few individual Schwann cells (Fig. 3 H and I) . Although less prominent, the pattern of ␤-dystroglycan expression in infected cultures was almost similar to ␣-dystroglycan (data not shown). However, we found no difference in the expression of Dp116 and actin filament labeling, although ␤-dystroglycan is known to bind to Dp116 in Schwann cells (30) . Also, no significant difference was observed in the expression of other laminin-2 receptors such as ␤1 and ␤4 integrins in infected and control cultures (data not shown). Moreover, studies by electron microscopy, as well as BrdUrd uptake and terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling assays at different time points, revealed that LCMV, as compared with control, does not affect Schwann cell ensheathment, proliferation, or cell death, respectively (Fig. 4 F and H and data not shown) .
Immature Schwann Cells Persistently Infected with LCMV Disrupt the
Organization of Laminin-2 Network on Schwann Cell-Axon Units. We next examined whether LCMV-induced ␣-dystroglycan modulation affects the assembly of basal lamina on Schwann cell-axon units. We used antibodies specific for the ␣2 chain as a marker for Schwann cell basal lamina (39) . In control cultures, we found that laminin ␣2 labeling was uninterrupted and expressed in the form of thread-like fibers representing well-organized basal laminae on myelinated nerve fibers (Fig. 3J) (39) . Strikingly, as compared with uninfected cultures, LCMV-infected immature Schwann cells that have differentiated to myelinated and nonmyelinated fibers after 21 days showed completely disorganized laminin-2 network with no demarcation of nerve fibers by laminin ␣2 (Fig. 3 J and K) . However, LCMV infection does not appear to affect the synthesis of laminin-2, because there was no difference in the intensity of laminin ␣2 labeling in both immunofluorescence (Fig. 3 J and K) and immunoblotting of total lysates of similar cultures (data not shown). Parallel studies with electron microscopy were in agreement with the data shown by immunolabeling and revealed disrupted basal lamina adjacent to the Schwann cell membrane in LCMV-infected cultures (Fig. 4K) . In contrast, Schwann cell-axon units in control cultures showed continuous electron-dense layers that correspond to lamina densa, the typical ultrastructural morphology of the basal lamina (Fig. 4J) . Because viral GP binds ␣-dystroglycan with high affinity (17, 18) , LCMV-GP alone could contribute to perturbation of laminin-2 network and basal lamina assembly. The data shown in Fig. 3L illustrate the expression of LCMV-GP on Schwann cell-axon units in persistently infected cultures, suggesting such possibility.
Persistent LCMV Infection Selectively Inhibits Schwann Cell Myelination.
In embryonic DRG explant cultures that mimic, in part, differentiation stages of Schwann cells in vivo (40) , the promyelinating Schwann cells, that are ensheathing larger caliber axons in 1:1 relationship, subsequently form fully developed compact myelin sheath (Fig. 4 A and G) . Strikingly, persistent LCMV infection not only inhibited this myelination process but also produced defective myelin sheaths, a condition similar to hypomyelination (Fig. 4 D and  H) . The total number of myelin segments, as determined by immunolabeling with antibodies to myelin basic protein (MBP) or P0 (data not shown), are significantly fewer in number in infected cultures (Fig. 4 D and L) . Ultrastructural studies clearly showed that the myelin sheaths were significantly thinner in Ϸ60% of myelinated Schwann cells in infected cultures as compared with controls. Those LCMV-infected Schwann cells that form thick myelin sheaths (thickness of compact myelin sheath comparable to controls as in Fig. 4G ) showed a mild form of demyelination to varying degree as indicated by the separation of myelin lamellae, but preserved axons (Fig. 4I) . Although LCMV-NP antigens (Fig. 4I  Lower) and viral replication (Fig. 4L ) could be detected in these cultures, axonal ensheathment and the morphology of nonmyelinated Schwann cells and their enclosed axons were found to be normal (Fig. 4 H and I) . On the other hand, in comparison to infection of immature Schwann cells, LCMV infection of mature myelinated cultures (3-to 4-week-old cultures that have already formed myelin sheaths, and the organized basal lamina) did not affect the myelin sheath or the organization of laminin-2 network.
Defective Myelination in LCMV Infection
Correlates with Disorganization of Laminin-2 Network. We studied the relationship of myelination and the assembly of laminin-2͞basal lamina in persistently infected LCMV cultures. Immuno-double labeling of DRG explant cultures that have myelinated for 3 weeks with antibodies specific for MBP (or P0) and laminin ␣2 chain showed that all myelinated nerve fibers (MBP or P0 positive) with intact myelin segments (separated by nodes of Ranvier) were colocalized with laminin ␣2 chain (Fig. 4 A and B) . Laminin ␣2 not only demarcated individual myelinated nerve fibers but also expressed continuously along each myelinated fiber (Fig. 4 A and B, arrowheads) . This finding suggests the presence of an organized laminin-2 network, and thus basal lamina, on each myelinated Schwann cell-axon units. In contrast, parallel cultures persistently infected with LCMV were defective in myelination and also formed a severely disorganized laminin-2 network (Fig. 4 D and E) . Also, electron microscopy studies indicated that thinly formed myelin sheaths in infected Schwann cells do not have the organized basal lamina (Fig. 4 J and K) . Although viral replication (Fig. 4L) and LCMV-NP antigen (Fig. 4I  Lower) could be detected in infected cultures, the 4Ј,6-diamidino-2-phenylindole nuclear labeling (Fig. 4 C and F) , and ultrastructural morphology, except myelin sheaths and basal laminae (Fig. 4 G-K) , are indistinguishable from controls, suggesting that the defect in both myelination and laminin-2 assembly is not caused by apoptosis or cytopathic effects by persistent infection.
Laminin-2 Competes for LCMV Binding to Schwann Cell ␣-Dystrogly-
can. To gain further insights into the role of ␣-dystroglycan in LCMV-induced disorganization of the laminin-2 network on Schwann cell-axon units, we performed competitive binding assays with laminin-2 and LCMV on immobilized ␣-dystroglycan. Using ELISA with immobilized purified ␣-dystroglycan on microtiter plates, we showed that ␣2 laminins (a mixture of laminin-2 and laminin-4 with common tissue-restricted ␣2 chain) at a concentration as low as 20 nM is sufficient to block LCMV binding to ␣-dystroglycan, whereas fibronectin and BSA did not show any inhibitory effect (Fig. 5 , which is published as supporting information on the PNAS web site). Also, LCMV binding to Schwann cell ␣-dystroglycan in VOPBA is competitively inhibited by ␣2 laminins (data not shown).
Discussion
In the present study, we identified the Schwann cell as the PNS target for LCMV and LFV and showed that this neural permissiveness is caused by the abundance of viral receptor ␣-dystroglycan on Schwann cells. Using an in vitro differentiation model of Schwann cells, we provided evidence that LCMV ablated laminin-2-dystroglycan linkage and perturbed laminin-2 network and basal lamina assembly on mature Schwann cell-axon units. Our data indicated that these sequential events subsequently affected the myelin sheath formation when infected cells differentiated into myelinating phenotype, however, leaving nonmyelinating Schwann cells unaffected. Because defective myelination affects nerve conduction velocities and auditory functions (25, 35) , congenital infection with LCMV and LFV could produce lasting neurological abnormalities in infants and children (9) .
Receptor ligation by viruses during cellular entry has important functional and pathogenic consequences. However, less is known about viral ligation of cell receptors in the nervous system. As in the case with some host ligands (41) , viral ligation of cell receptors may cut short receptor-associated cellular activation and functions by decreasing the level of surface receptors. Consequences of such events, particularly in immature cells, such as in the developing fetus, could be more dramatic when they differentiate to mature stage. In the present study, we showed that high-affinity binding of LCMV cl-13 to Schwann cell ␣-dystroglycan down-regulated its expression selectively on Schwann cell-axon units. Because ␣-dystroglycan down-regulation in infected cells was observed during early differentiation, it is likely that this effect started appearing before the promyelinating stage, and that the myelin defect in differentiated Schwann cells may be an indirect consequence of viral modulation of the dystroglycan complex.
The proper anchorage of laminin-2 to laminin-2 receptors on Schwann cells is believed to be critical for the self-assembly of laminin-2, which then interacts with other ECM components, such as collagen IV to form an organized basal lamina around each Schwann cell-axon unit (reviewed in refs. 25 and 27) . Recent studies have shown that laminin binding͞assembly on Schwann cells depends in part on the interaction of laminin with ␣-dystroglycan (24) . Infection of immature Schwann cells by LCMV at the early stage of Schwann cell differentiation in vitro likely ablates laminin-2 binding to ␣-dystroglycan, and thus disrupts the organization of laminin-2 network and basal lamina assembly. The latter could also occur because of the lack of coordination and cross talk between dystroglycan and other laminin-2 receptors during LCMV infection. Moreover, in persistently infected cultures, LCMV-GP, in addition to LCMV virion, may also serve as a potent laminin-2 competitor for ␣-dystroglycan.
Increasing evidence now suggests that signaling plays crucial role in myelinogenesis (42) (43) (44) . Conditional deletion of the gene for laminin-2 receptor ␤1 integrin in immature Schwann cells, before the formation of promyelinating Schwann cells, causes neuropathy with markedly delayed myelination (43) . Similarly, more recent studies have shown that Schwann cell-specific disruption of dystroglycan gene causes significant defects in myelination in adult mice (24) . These results underscore that signaling through laminin-2-laminin-2 receptors play a critical role in the differentiation of immature Schwann cells to myelinating phenotypes. Because the basal lamina has an essential role in promoting Schwann cell myelination, and the evidence from other systems shows that properly assembled laminins provide morphogenetic signals essential for epithelial development (27, 45) , we propose that defective formation of myelin sheath by LCMV could be caused partly by the ablation of laminin-2-laminin-2 receptor associated signaling during differentiation of LCMV-infected immature Schwann cells to myelinating phenotypes.
Finally, the identification that LCMV and LFV use Schwann cell ␣-dystroglycan for peripheral nerve entry may have important implications in ill-understood Schwann cell functions associated with dystroglycan complex. Studies from genetic and functional ablation of laminin-2 and its receptors including dystroglycan provide evidence that these molecules are crucial for PNS and CNS abnormalities associated with congenital muscular dystrophy (CMD) (21, 22, 29, 30, 46) . Like in gene deletion of laminin-2 and its receptors, LCMV infection disrupts ␣-dystroglycan-laminin linkage, a characteristic feature in CMD, and produced myelin defects. Therefore, persistent LCMV infection in Schwann cells may be a useful model to gain molecular insights into peripheral neuropathies in CMD. Although dystroglycan complex and laminin-2 appears to play a role in LCMV-induced myelin defects, we cannot exclude the possibilities of the involvement of other important mechanisms, because viruses are known to exploit multiple cellular functions for their own survival within the host. Importantly, because our understanding of the molecular basis for myelination process is limited, noncytolytic viruses such as LCMV, which can now be genetically manipulated (47) , should provide an excellent model for dissecting the molecular basis of the myelination process.
